ingredients on temperature were developed. The results showed that the dielectric constant decreased with an increase in temperature and the dielectric loss factor increased with an increase in temperature.
INTRODUCTION
Aseptic processing of liquid foods such as milk, fruit juices, salad dressings, and liquid eggs has been in place for several decades. Foods containing small particles (smaller than 3.2 mm) such as baby foods, cottage cheese, soups, and rice desserts have also been aseptically processed. However, aseptic processing of low-acid multiphase foods containing large particulates (larger than 3.2 mm) such as soups containing meatballs or vegetables has not been a commercial reality in the U.S. even though it has been in place in the European market for several years. [1] In recent years, there has been an increasing interest in aseptic processing of low-acid multiphase food products. One such product is salsa con queso (salsa with cheese) which is a commercially successful product with continued expansion. Salsa con queso is an appetizer which is served with corn chips, tortilla chips, and vegetable as vegetable dips. The main ingredients in salsa con queso are water, non fat milk, cheese sauce, tomatoes, bell peppers, jalapeno peppers, and onions. Currently, salsa con queso products are sterilized by the conventional retort process which is associated with degradation of color, flavor, texture, and nutrients. [2, 3] Continuous flow microwave heating is an emerging technology in the food industry with a potential to replace the conventional retort process. Instant start-up and rapid heating of food products makes microwave heating suitable for aseptic processing. Continuous flow microwave sterilization is also associated with improved color, flavor, texture, and nutrient retention. Thus, aseptic processing of a low-acid multiphase food product using a continuous flow microwave heating system can combine the advantages of an aseptic process along with those of microwave heating. [4] The extent of heating by microwaves is determined by the thermophysical and dielectric properties of the food materials. Dielectric properties consist of dielectric constant (ε′) and dielectric loss factor (ε″). Dielectric constant is a measure of the ability of a material to store electromagnetic energy whereas dielectric loss factor is a measure of the ability of a material to convert electromagnetic energy to heat. [5] Loss tangent (tan δ), a parameter used to describe how well a product absorbs microwave energy, is the ratio of ε″ to ε′. A product with a higher loss tangent will heat faster under microwave field as compared to a product with a lower loss tangent. [6] Thermophysical properties include density (ρ), viscosity (μ), specific heat (c p ), thermal conductivity (k), and thermal diffusivity (α). They have a significant effect on the rate of heat transfer into the particulates within the food product. [7] Therefore, knowledge of dielectric and thermophysical properties is important for the design of a safe aseptic process using a continuous flow microwave system.
Thermophysical and dielectric properties of various food materials have been compiled in literature. [8] [9] [10] [11] [12] [13] [14] [15] [16] However, there is currently no data available on the thermophysical and dielectric properties of salsa con queso and its vegetable ingredients at sterilization temperatures. Therefore, the objective of this study was to determine the thermophysical and dielectric properties of salsa con queso and its vegetable ingredients (tomatoes, bell peppers, jalapeno peppers, and onions) at a temperature range of 20 to 130°C.
MATERIALS AND METHODS

Test Material
A salsa con queso retail product was arbitrarily selected as the test material. Salsa con queso and four of its vegetable ingredients (tomatoes, bell peppers, jalapeno peppers, and onions) were purchased from a local supermarket (Food Lion, Raleigh, NC). The samples were stored in a refrigerator prior to use in the experiments. All measurements were performed in duplicate.
Measurement of Thermophysical Properties
Particle densities of the four vegetables were measured at room temperature (22°C) using a helium gas pycnometer (Micrometrics Accupyc 1330, Micrometrics, Norcross, GA). Density of salsa con queso was determined by measuring the weight of a fixed volume of salsa and dividing the weight by the fixed volume. Rheological characterization of salsa con queso without the particulates was conducted from 20 to 130°C at an interval of 10°C using a Reologica StressTech Rheometer (ATS Rheosystems, Bordentown, NJ). Duplicate shear rate sweeps between 10 and 100 s −1 were performed at each of the temperatures.
Specific heat of salsa con queso and its vegetable ingredients was measured from 20 to 130°C at an interval of 10°C using a differential scanning calorimeter (DSC7, Perkin Elmer Instruments, Norwalk, CT). The DSC was calibrated using de-ionized water (temperature and enthalpy) and indium (temperature). Water was used as a standard and its specific heat was within 2.5% of the known values given in literature. [17] 50 mg of samples were put in stainless steel pans of 0.065 cc volume and subjected to a heating rate of 3°C/min and the purge gas was nitrogen at a flow rate of 30 cc/min. Specific heat was calculated using the Pyris software version 5.0 (DSC7, Perkin Elmer Instruments, Norwalk, CT). Thermal conductivity and thermal diffusivity of salsa con queso and its vegetable ingredients were measured from 20 to 130°C at an interval of 10°C using a thermal properties analyzer probe (KD2 Pro, Decagon devices Inc., Pullman, WA). The samples were placed in a pressurized cell and heated in an oil bath (Model RTE111, Neslab Instruments Inc., Newington, NH) to attain the testing temperature.
Measurement of Dielectric Properties
Dielectric properties of salsa con queso and its vegetable ingredients were measured from 20 to 130°C using an open-ended coaxial probe (Model HP 85070B for static conditions and 85070E for continuous flow conditions, Agilent Technologies, Palo Alto, CA) connected to a network analyzer (Model HP 8753C, Agilent Technologies, Palo Alto, CA). Dielectric properties of salsa con queso were measured under continuous flow conditions because the measurement by the conventional approach (under static conditions) measures dielectric properties of only a portion of the material in contact with the probe. Thus, measurement by conventional approach may not be representative of the dielectric properties of the bulk for a multiphase food product such as salsa con queso. In measurement under continuous flow, the food product is continuously pumped across the dielectric probe. Therefore, different parts of the food product are in contact with the probe at different times. Thus, this approach gives a better representation of the dielectric properties of the bulk of the food product. Dielectric properties of the vegetable ingredients were measured in particulate as well as homogenized form because density has a notable effect on the dielectric properties of particulate materials. [18] Samples were homogenized using a blender. The network analyzer was calibrated by leaving the tip of the probe in contact with air, metal, and 25°C de-ionized water and measuring the dielectric properties. The dielectric properties were measured at 20, 75, 90, 100, 110, 120, 125, and 130°C and at frequencies from 300 to 3000 MHz with an increment of 5 MHz. The variable step size for temperature increment was chosen because the aim in this study was to determine the dielectric properties at sterilization temperatures. For measurement during static conditions, the samples were placed in a pressurized cell and heated in an oil bath (Model RTE111, Neslab Instruments Inc., Newington, NH) to attain the testing temperature. For measurement during continuous flow conditions, the dielectric probe was inserted in one of the three ports of a smart gasket (Rubber-Fab, Newton, NJ) at the exit of the applicator and the product was heated using a 5 kW microwave unit. The 5 kW unit, shown in Fig. 1 , consisted of a 5 kW microwave generator (Industrial Microwave Systems, Morrisville, NC) operating at 915 MHz, a waveguide of rectangular cross-section, and a specially designed focused applicator. [19] A tube of 1.5″ nominal diameter (0.038 m ID) made of Polytetrafluoroethylene (PTFE or Teflon®) was placed at the center of the applicator through which the product was pumped using a positive displacement pump (Model MD012, Seepex GmbH + Co, Bottrop, Germany) with a variable speed motor (Tri-Clover Rotary Pump, Model PRE3-1M, Ladish Co., Kenosha, WI). The temperatures at the inlet and the outlet of the applicator were recorded using thermocouples and a datalogging system.
RESULTS AND DISCUSSION
Density
The density of salsa con queso and particle density of its vegetable ingredients at 22°C is shown in Table 1 . Salsa con queso was found to be least dense with a density of 1012 kg/m 3 and onions were found to be the most dense with a density of 1068 kg/m 3 . The density of onions is in close agreement with the value of 1066 kg/m 3 as determined in a previous study done. [20] No data was available to compare the densities of other materials. Magnus lift force, Saffman lift force, drag force, and buoyancy force are the forces experienced by particles suspended in a viscous fluid. [21] As the density of particulates (vegetable ingredients) are higher than that of the carrier fluid (salsa con queso), particulates will sink due to the negative buoyant force. This will result in longer residence time of the particulates in a continuous flow system. Drag force on the particulates is a function of both fluid viscosity and relative velocity between carrier fluid and particulates. A high fluid viscosity and/or a sufficient relative velocity are required to overcome the negative buoyant force in order to transport the particulates through a continuos flow thermal processing system.
Rheological Properties of Salsa Con Queso
The apparent viscosity of salsa con queso (without the particulates) over a temperature range of 20 to 130°C at three different shear rates (10, 50, and 100 s −1 ) is shown in Fig. 2 . The value of apparent viscosity (3.09 Pa-s at 30°C) of salsa con queso was much higher than that of water (792.37 × 10 −6 Pa-s at 30°C) but is comparable to that of apple sauce (2.53 Pa-s at 30°C). [22] Shear stress and shear rate data were fit into power law model and are given below:
where, σ is the shear stress in Pa and is the shear rate in s −1 . In Eqs. (1) (2) (3) (4) (5) , the exponent of , popularly denoted by n, is known as the dimensionless flow behavior index. Salsa con queso is a non-Newtonian shear thinning (pseudoplastic) fluid because the value of the flow behavior index is less than 1. The critical value (2100 + 875(1-n)) of the power law Reynolds number, which determine wether a flow is laminar or turbulent, depends on the flow behavior index. The maximum velocity for a power law fluid in laminar flow also depends on the flow behavior index and is less than the maximum velocity for a Newtonian fluid in laminar flow with the same average velocity. [22] Salsa con queso will have a flatter velocity profile in a continuous flow thermal processing system because of the low value of flow behavior index. Therefore, the residence time distribution of particulates will be narrower when the carrier fluid is salsa con queso. This will result in a . , . . r (5) g . g .
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product of high quality in an aseptic processing system. The influence of temperature on viscosity for a food product may be described by an Arrhenius-type relationship: [7] where, μ is the apparent viscosity in Pa-s, B A is the Arrhenius constant (Pa-s), E a is the activation energy constant (J/mol), and R g is the gas constant (8.314 J/mol-K), and T A is the temperature in Kelvin (K). The plot of ln (μ) vs 1/T A was used to determine the Arrhenius constant and activation energy constant. The values of the Arrhenius constant and activation energy constant are shown in Table 2 .
Specific Heat
Specific heat of salsa con queso and its vegetable ingredients over a temperature range of 20 to 130°C is shown in Fig. 3 . Among the four vegetable ingredients, bell peppers had the highest specific heat values and tomatoes had the lowest specific heat values at sterilization temperatures. Specific heat of salsa con queso was less than its vegetables ingredients. This was expected because the vegetable ingredients had high moisture content, but the liquid portion of sals con queso was high in fat. Second order polynomial correlations for the dependence of specific heat of salsa con queso and its vegetable ingredients on temperature were developed and are shown in Table 3 .
Thermal Conductivity
Thermal conductivity of salsa con queso and its vegetable ingredients over a temperature range of 20 to 130°C is shown in Fig. 4 . Among the four vegetable ingredients, jalapeno peppers had the highest thermal conductivity values and tomatoes had the lowest thermal conductivity values at sterilization temperatures. Second order polynomial correlations for the dependence of thermal conductivity of salsa con queso and its vegetable ingredients on temperature were developed and are shown in Table 4 .
Figure 3
Specific heat of salsa con queso and its vegetable ingredients. Table 3 Specific heat (c p ) of salsa con queso and its vegetable ingredients as a function of temperature.
Sample
Correlations (c p in J/kg-°C, T in °C) r 2
Salsa con queso c p = 3529.2 + 0.391 T + 0.0071 T 2 0.980 Tomatoes c p = 3913.5 + 1.016 T − 0.0017 T 2 0.938 Bell peppers c p = 3922.0 + 1.017 T + 0.0026 T 2 0.965 Jalapeno peppers c p = 3888.6 + 0.644 T + 0.0052 T 2 0.850 Onions c p = 3802.7 + 2.059 T + 0.0009 T 2 0.985
Thermal Diffusivity
Thermal diffusivity of salsa con queso and its vegetable ingredients over a temperature range of 20 to 130°C is shown in Fig. 5 . Among the four vegetable ingredients, jalapeno peppers had the highest thermal diffusivity values and tomatoes had the lowest thermal diffusivity values at sterilization temperatures. Second order polynomial correlations for the dependence of specific heat of salsa con queso and its vegetable ingredients on temperature were developed and are shown in Table 5 .
Dielectric Properties
The dielectric properties of salsa con queso (high salt content product) at 915 MHz under static and continuous flow conditions are shown in Fig. 6 . There is similar effect of temperature on dielectric properties under static and continuous flow conditions with ε′ Figure 4 Thermal conductivity of salsa con queso and its vegetable ingredients. Table 4 Thermal conductivity (k) of salsa con queso and its vegetable ingredients as a function of temperature.
Sample
Correlations decreasing with an increase in temperature and ε″ increasing with an increase in temperature. Decrease in ε′ with an increase in temperature is in accordance with the observations of [23] for solutions containing salt. This might be explained based on the decrease in relaxation time with an increase in temperature. Since relaxation time is the time taken by polar molecules to align themselves along the direction of the field, a decrease in its value decreases the dipolar contribution to ε′. Increase in ε″ with an increase in temperature is in accordance with the observations of [23] for solutions containing salts. This might be explained based on the relative importance of ionic conduction over dipolar contribution to ε″. Thus, even though the dipolar contribution to ε″ decreases with an increase in temperature, ε″ increases with temperature due to increased ionic conduction. The increase in ionic conduction can be attributed to the decreasing viscosity, which in turn increases the mobility of ions. [16] From Fig. 6 , it can be seen that the dielectric properties of salsa con queso at 915 MHz under static and continuous flow conditions are substantially different. This result is expected for a multiphase product such as salsa con queso. Under static conditions, dielectric properties of only a small portion of the product (in close proximity to the Figure 5 Thermal diffusivity of salsa con queso and its vegetable ingredients. Table 5 Thermal diffusivity (α) of salsa con queso and its vegetable ingredients as a function of temperature.
Correlations (α × probe) are measured. Therefore, measurement by this approach might under-predict or over-predict dielectric properties based on the components of the product in contact with the probe surface. It was observed that the measurement under static conditions underpredicted ε″ and over-predicted ε′. This resulted in a lower value of loss tangent for the measurements under static conditions. Therefore, it is recommended that, for a multiphase product, dielectric properties be measured under continuous flow conditions for designing a continuous flow microwave heating system. The dielectric properties of the vegetable ingredients of salsa con queso at 915 MHz in particulate as well as homogenized form are shown in Figs. 7-10. Density has a notable effect on dielectric properties. [18] A continuous flow microwave heating system should be designed based on the dielectric properties of the vegetable ingredients in either particulate or homogenized form depending on which one of the two has a lower value of loss tangent. This will ensure that every portion of the product receives required thermal treatment in the heating system. There is similar effect of temperature on dielectric properties with ε′ decreasing with an increase in temperature and ε″ increasing with an increase in temperature. This observation is in accordance with the results of [15] for vegetables and fruits and is due to similar reasons as that for salsa con queso.
Salsa con queso was found to have a higher loss tangent than its vegetable ingredients and thus it will heat faster than its vegetable ingredients under a microwave field. Among the four vegetables, tomatoes were the fastest heating and onions were slowest heating under a microwave field. Second order polynomial correlations for the dependence of dielectric properties of salsa con queso and its vegetable ingredients on temperature at 915 MHz were developed and are shown in Table 6 . Thermophysical and dielectric properties of salsa con queso and its vegetable ingredients presented in this study will aid in the development of a comprehensive database of these properties. The results from this study can be used to design a safe process for aseptic processing of salsa con queso using a continuous flow microwave system. 
CONCLUSIONS
Salsa con queso was found to be a non-Newtonian shear thinning liquid with flow behavior index ranging from 0.33 to 0.41. An Arrhenius-type relationship was used to describe the influence of temperature on the apparent viscosity of salsa con queso. Tomatoes had the lowest specific heat, thermal conductivity, and thermal diffusivity values among the four vegetables at sterilization temperatures. Bell peppers had the highest specific heat value among the four vegetables whereas jalapeno peppers had the highest thermal conductivity and diffusivity values at sterilization temperatures. The results showed that among the four vegetables, tomatoes had the highest loss tangent and hence would heat faster under a microwave field. In addition, the dielectric properties of salsa con queso at 915 MHz under static and continuous flow conditions were substantially different. The results from this study suggest that, for a multiphase product, dielectric properties measured under continuous flow conditions should be used for designing a safe process for aseptic process using a continuous flow microwave heating system. Second order polynomial correlations for the dependence of thermophysical and dielectric properties of salsa con queso and its vegetable ingredients on temperature were developed. Thus, this study will aid in the development of a comprehensive database of thermophysical and dielectric properties, which in turn will aid a processor in designing a continuous flow microwave heating system. Table 6 Dielectric properties of salsa con queso and its vegetable ingredients as a function of temperature at 915 MHz.
Sample
Correlations (T in °C) r 2 
Salsa con queso
